INTRODUCTION {#SEC1}
============

The propensity of genomic loci to acquire mutations and/or undergo genetic rearrangements is linked to their transcriptional status. This phenomenon, known as transcription-associated mutagenesis (TAM) or recombination (TAR) ([@B1],[@B2]), occurs despite the well-established role of nucleotide excision repair in removing and repairing damaged nucleotides in the transcriptional template strand ([@B3]). Many factors beyond the level of gene expression influence the rates of TAM and TAR at specific regions---including the formation of RNA--DNA hybrid structures known as R-loops ([@B4]). R-loops form at transcribed sequences when nascent RNA forms a stable hybrid with the transcriptional template strand---resulting in a three-stranded structure consisting of the RNA--DNA hybrid duplex and an extended loop of single-stranded, non-template DNA.

R-loops play important roles in regulating transcription initiation and termination ([@B5]). They are also necessary for priming replication in bacterial genomes ([@B6]) and class switch recombination at human immunoglobulin genes ([@B7]). Conversely, the mutagenic potential of R-loops has been linked to a number of human diseases ([@B8]). In particular, the formation of R-loops instigates length instability of DNA microsatellites---repetitive DNA sequences in which the repeating unit is ≤9 bp ([@B9]). Inheritance of abnormally long microsatellite alleles has been linked to over 30 hereditary neurological and developmental diseases ([@B13]). One such disease, Friedreich's ataxia (FRDA), is caused by autosomal recessive inheritance of a very long (typically 600--900 repeats), non-coding (GAA)~n~ trinucleotide repeat in the first intron of the human *FXN* gene. FRDA is a childhood-onset disorder characterized by degeneration of the dorsal columns of the spinal cord, scoliosis and hypertrophic cardiomyopathy ([@B14]). The mechanisms of (GAA)~n~ repeat expansion may play important roles in disease pathogenesis either during intergenerational transmission of repeats or as they expand over the lifetime of patients (somatic instability) ([@B15],[@B16]).

(GAA)~n~ sequences are particularly prone to the formation of R-loops due to their homopurine/homopyrimidine nature, which allows for thermodynamically favorable formation of a purine RNA/pyrimidine DNA hybrid during transcription ([@B17]). Indeed, the formation of R-loops at (GAA)~n~ repeats has been demonstrated *in vitro* ([@B18],[@B19]) and linked to heterochromatin formation at the *FXN* locus in human cell lines ([@B20]). Increasing the rate of (GAA)~n~ transcription leads to an increase in the frequency of repeat expansion in both yeast and human cells ([@B21],[@B22]). While it has been posited that the formation of R-loops could contribute to TAM/TAR at (GAA)~n~ sequences, it has not yet been proven experimentally in eukaryotes ([@B19],[@B23]). (GAA)~n~ repeats can also form H-DNA, a three stranded DNA structure which occurs at homopurine/homopyrimidine mirror repeats ([@B26],[@B27]). In this intramolecular triplex, two Watson-Crick paired DNA strands form a stable complex with a third DNA strand via Hoogsteen or reverse Hoogsteen base pairing, while a complement of the third strand remains single stranded. H-DNA can be additionally stabilized by RNA or DNA paired with this free single strand *in vitro* ([@B19],[@B28],[@B29]).

The goal of this work was to examine the role of R-loop formation on (GAA)~n~ repeat expansion rate using our well-established systems in yeast ([@B21],[@B30],[@B31]). To do so we knocked out the non-essential yeast *RNH1* and *RNH201* genes---which encode for RNase H1 and the catalytic subunit of RNase H2, respectively. RNase H enzymes eliminate RNA--DNA hybrids, including R-loops, genome-wide by cleaving their RNA portion ([@B32]). We found that (GAA)~n~ repeat expansion and contraction rate increases significantly in *rnh1Δ, rnh201Δ* strains, but only when (GAA)~n~ repeats are transcribed. We observed a similar increase in repeat expansion rate in RNase H deficient cells when we inverted our entire reporter relative to a nearby replication origin or when we inverted just the (GAA)~100~ repeats such that the major RNA product contained (UUC)~n~. We also found that an increase in (GAA)~n~ expansions in RNase H null yeast was dependent on the function of *RAD52* and *POL32* genes, suggesting a role for break-induced replication (BIR). Altogether, our results imply that (GAA)~n~ repeat expansions are induced by the formation of RNA--DNA hybrids, likely RNA-stabilized H-DNA (H-loops).

MATERIALS AND METHODS {#SEC2}
=====================

Yeast strains {#SEC2-1}
-------------

All yeast strains used in this study were derived from the parent strain CH1585 (*MAT***a**, *leu2*-Δ*1, trp1*-Δ*63, ura3--52)* and are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Knockouts were made using gene replacement and confirmed via polymerase chain reaction (PCR) using internal and external primers against the targeted gene ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Strains containing the galactose-inducible, P~GAL~-UR-GAA~100~-A3 and UAS~GAL~-GAA~100~-P~GAL~-CAN1 cassettes have been described previously ([@B21]). To construct the P~GAL~-UR-GAA~100~-A3 head-on orientation cassette we amplified the P~GAL~-UR-GAA~100~-A3 portion of plasmid pYes3-G4G1C1-Fori-T269-GAA100 ([@B21]) using PCR primers with SgrDI and BglII 5′-handles ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). This PCR insert was digested and cloned back into the pYes3-G4G1C1-Fori-T269-GAA100 plasmid such that the P~GAL~-UR-GAA~100~-A3 region was now inverted with respect to *ARS306* but *TRP1* remained downstream in its original orientation for subsequent selection of cassette-containing cells. To construct the P~GAL~-UR-TTC~100~-A3 cassette, two regions of the artificial intron in plasmid pYes3-G4G1C1-Fori-T269-GAA100 were amplified: (i) the repeat containing region with primers with CaiI and PspXI 5′-handles (ii) the Tet269 spacer region ([@B30]) with primers with CaiI and ClaI handles. These two PCR products were digested with CaiI and ligated together such that the repeat was inverted with respect to the Tet269 sequence. This ligated product was then cloned back into plasmid pYes3-G4G1C1-Fori-T269-GAA100 using PspXI and ClaI sites. To construct the no repeat control cassette, a 644 bp sequence from the coding part of the *tetR* gene of the pACYC184 plasmid (NEB) was amplified and cloned into the intron of the split *URA3* gene on pYes3-G4G1C1-Fori-T269-GAA100.

The P~GAL~-UR-GAA~128~-A3 cassette for measuring contraction rates was constructed by first amplifying a (GAA)~128~ tract from a 5-fluoroorotic acid (5-FOA) resistant strain bearing the P~GAL~-UR-(GAA)~100~-A3 expansion cassette and cloning it into the pYES3- G4G1C1-Fori-T269-GAA100 plasmid. Next the artificial intron was balanced to ensure strains bearing the new construct are Ura^−^ by adding a 339 bp sequence from the *tetR* gene on plasmid pACYC184 (NEB) in place of the 269 bp sequence present in the expansion cassette (see ([@B30])). The UAS~GAL~-GAA~128~-P~GAL~-HIS3 cassette for measuring contraction rates was constructed by first replacing the*CAN1* portion of the pYes3-G4G1C1-T150-GAA100 plasmid ([@B21]) with the *HIS3* gene amplified from plasmid pRS303 ([@B33]) using ApaI and SgrDI restriction sites. 128 (GAA)~n~ repeats from a canavanine resistant yeast strain bearing the original UAS~GAL~-GAA~100~-P~GAL~-CAN1 cassette were inserted into the new *HIS3* plasmid using SphI and XhoI sites. All cassettes were transformed into yeast as linear fragments and their chromosomal integration and repeat lengths were confirmed using PCR and Sanger sequencing.

Measurement of mutation rates {#SEC2-2}
-----------------------------

Frozen 15% glycerol yeast stocks were first streaked out on plates containing ethanol and glycerol as a carbon source to select against petite colonies. Colonies from two independent strains for each genotype were inoculated in 5 ml liquid YEP + 2% Raffinose, grown overnight, then serially diluted in water and plated on solid YPD or YEP + 2% Galactose (YPGal) supplemented with uracil. After 40 h (YPD) or 60 h (YPGal) of growth at 30°C, 12 individual colonies were picked from these non-selective plates, suspended and serially diluted at 10× increments in water. For contraction assays, the original repeat length of each colony used in the assay was confirmed using PCR. Concentrated samples were plated on the appropriate selective media ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) to select for repeat expansion or contraction events and dilute samples were plated on YPD to determine overall cell count. Colonies were counted after three days for YPD plates and four days for selective media. For expansion experiments 96 5-FOA or canavanine resistant colonies were assessed for repeat expansion via PCR using primers A2 and B2 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Individual colonies were picked randomly from each plate for PCR analysis such that the proportion of colonies from each plate reflected the total number of colonies on that plate. In other words, more colonies were analyzed for PCR from selective plates with a large number of colonies than those with fewer colonies. Expansion rates were determined using the Ma-Sandri-Sarkar maximum likelihood estimator via the FluCalc webpage ([@B34]) with following inputs: Vtot---the volume of water colonies from non-selective plates were suspended in (in this case 200 μl), Csel---the number of observed expansions as determined by PCR on each plate, Ccom---the number of colonies observed on YPD plates, Dsel---the dilution factor of the cell suspension plated on selective media (typically 1 or 10), Dcom---the dilution factor of the cell suspension plated on YPD (typically 10 000), Vsel---the presumed volume corresponding to the proportion of colonies assessed via PCR (i.e. volume plated on selective media × (96/sum of all colonies counted on selective plates)), Vcom---the volume of cell suspension plated on YPD (typically 50 or 100 μl). Contraction rates were calculated similarly except the Csel input corresponded directly to the number of colonies counted on selective media. In order to confirm the accuracy of our calculations and provide a second method of rate calculation, all analyses were repeated with the rSalvador package using the 'Newton.LD.plating' and 'confint.LD.plating' commands with Csel input as 'data' and plating efficiencies calculated as Vsel/(Vtot\*Dsel) ([@B35]). In order to generate rate numbers, the outputs of these commands were divided by the average of the total number of cells per colony picked for the assay. Assays were conducted such that the total number of cells per colony varied little between genotypes and conditions. Differences were considered highly significant if their 95% confidence intervals calculated via FluCalc did not overlap and are denoted with two asterisks. Differences were considered significant if their 84% confidence intervals calculated via rSalvador did not overlap and are denoted with a single asterisk ([@B36],[@B37]).

Strand-specific RT-qPCR {#SEC2-3}
-----------------------

Overnight liquid YPD cultures were diluted to an OD~600~ of 0.1 in 10 ml of YPD or YPGal and harvested at OD~600~ of 0.5. RNA was isolated using a hot phenol--chloroform extraction ([@B38]). A total of 10 μg of extracted nucleic acid (determined via nanodrop) was treated with Turbo DNase (ThermoFisher) according to the manufacturer's protocol. RT reactions were carried out in 5 μl volumes using 50U SSIV RT (Invitrogen) in 1× buffer supplemented with 0.5 mM dNTPs, 5 mM dithiothreitol (DTT), 6 μg/ml actinomycin D (Sigma) ([@B39]), 1U RNAseIN and 0.5 μM of primers. The following primer sets were used for reverse transcription: sense; TAF10-R, RM203, antisense; TAF10-R, RM75. Following the RT reaction, samples were treated with 0.5U RNase H at 37°C for 20 min. Quantitative PCR (qPCR) was performed in 10 μl volumes using SYBR Select Master Mix (ThermoFisher) on a QuantStudio 6 Flex RTPCR system (Applied Biosystems) in 384-well plates with four technical replicates per sample. All experiments were performed three times. Quantification was achieved via standard curve based off of six 4× serial dilutions of genomic DNA. Target RNA levels were normalized to TAF10 sense RNA levels ([@B40]). Statistical analysis was performed via two-way ANOVA with Tukey's multiple comparisons on ΔC~rt~ (C~rt~target-C~rt~TAF10) values using GraphPad Prism.

RESULTS {#SEC3}
=======

RNase H knockout increases the expansion rate of transcribed (GAA)~n~ repeats {#SEC3-1}
-----------------------------------------------------------------------------

In order to determine the effect of R-loop formation on (GAA)~n~ repeat expansion, we knocked out the *RNH1* and *RNH201* genes in yeast strains bearing our genetic construct for measuring repeat expansion rates. This cassette comprises a *URA3* reporter gene that contains an artificial intron with 100 (GAA)~n~ repeats (Figure [1A](#F1){ref-type="fig"}). Expansions of 10 or more repeats within the intron abrogate splicing of *URA3* transcripts and render cells resistant to 5-FOA. For this study, the reporter was placed downstream of a modified galactose-inducible yeast *GAL1* promoter ([@B21]). Repeat expansion rates are determined in strains carrying our cassette via Luria--Delbruck fluctuation tests followed by PCR analysis of the (GAA)~n~ sequence to confirm expansion events ([@B34]).

![RNase H knockout increases the expansion rate of transcribed (GAA)~n~ repeats. (**A**) Schematic of the GAA;CD system to select for repeat expansion events in yeast. A total of 100 (GAA)~n~ repeats were cloned into an artificially split *URA3* gene such that expansion events abrogate splicing and result in resistance to 5-FOA. *ARS306*: autonomously replicating sequence on Chr III. *P~GAL1~*: Galactose inducible promoter. *TRP1*: auxotrophic marker for selection of strains bearing the construct. 'Up' indicates the region amplified by primers used for RT-qPCR. (**B**) (GAA)~100~ expansion rates in strains bearing the construct in A. Error bars represent 95% confidence intervals. Cells were grown non-selectively on glucose (low) or galactose (high) to modulate transcription. '\*\*' Indicates non-overlapping 95% confidence intervals compared to WT under the same conditions. Numbers indicate fold change in expansion rate in *rnh1Δ, rnh201Δ* strains compared to WT.](gky099fig1){#F1}

We found that, regardless of the level of gene expression, *rnh1Δ, rnh201Δ* double mutants exhibited significantly increased rates of (GAA)~100~ expansion (Figure [1B](#F1){ref-type="fig"}). Knockout of *RNH1* or *RNH201* alone was not sufficient to increase expansion rate ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). As previously described, we saw a roughly 12-fold increase in repeat expansion rate when transcription was induced via galactose ([@B21]).

RNase H knockout does not influence the expansion rate of non-transcribed (GAA)~n~ repeats {#SEC3-2}
------------------------------------------------------------------------------------------

Given the established roles of RNase H2 in lagging strand replication ([@B41],[@B42]) and ribonucleotide excision repair ([@B43],[@B44]), we sought to confirm that our observed increase in expansion rate in *rnh1Δ, rnh201Δ* strains was the result of co-transcriptional RNA--DNA hybrid formation specifically. To this end, we knocked out *RNH1* and *RNH201* in strains bearing a different construct for measuring repeat expansion rates (Figure [2A](#F2){ref-type="fig"}). In this cassette 100 (GAA)~n~ repeats are located between the upstream activating sequence (*UAS*) and the transcription start site (TSS) of a *GAL1* promoter that controls transcription of a *CAN1* reporter gene. When repeats expand, promoter activity diminishes dramatically, making cells resistant to the non-proteinogenic amino acid canavanine. In this cassette, repeats are transcribed at low levels on glucose and not transcribed at all on galactose ([@B21]).

![RNase H knockout does not affect the expansion rate of non-transcribed (GAA)~n~ repeats. (**A**) Schematic of our system to select for expansion of non-transcribed repeats in yeast. A total of 100 (GAA)~n~ repeats were cloned into the region between the *UAS* and TSS of a *GAL1* promoter driving expression of the *CAN1* gene. Repeat expansion events diminish promoter activity allowing for selection on media containing canvanine. *ARS306*: autonomously replicating sequence on Chr III. *TRP1*: auxotrophic marker for selection of strains bearing the construct. (**B**) (GAA)~100~ expansion rates in strains bearing the construct in A. Error bars represent 95% confidence intervals. Cells were grown non-selectively on glucose (low) or galactose (high) to modulate transcription. Differences between WT and *rnh1Δ, rnh201Δ* strains were not significant.](gky099fig2){#F2}

RNase H deletion had no effect on (GAA)~100~ repeat expansion rate when cells with the *CAN1* construct were grown on galactose (Figure [2B](#F2){ref-type="fig"}). This indicates that transcription of the repeats is required for RNase H knockout to influence expansion rate. There was a slight, insignificant increase in expansion rate due to RNase H deletion for *CAN1* strains grown on glucose-containing media (Figure [2B](#F2){ref-type="fig"}). The latter result is not surprising, since we have previously demonstrated that repeats are transcribed aberrantly under these conditions ([@B21]).

RNase H knockout increases expansion rate regardless of the relative orientation of transcription and replication {#SEC3-3}
-----------------------------------------------------------------------------------------------------------------

Several studies have shown that the orientation of transcription with respect to replication influences mutation rate. Specifically, when replication encounters transcription 'head-on' (RNA polymerase and the replication fork proceed in opposite directions) as opposed to 'co-directionally', it results in higher rates of mutagenesis and/or increased levels of R-loop formation ([@B45]). To test the role of orientation on (GAA)~n~ expansion rate in our system, we inverted the *URA3* cassette such that transcription and replication were oriented head-on (GAA;HO) (Figure [3A](#F3){ref-type="fig"}). In wild-type (WT) cells, we found that (GAA)~100~ expansion rate is significantly lower for the head-on orientation under conditions of high transcription (galactose) while it is the same under conditions of low transcription (glucose) (Figure [3B](#F3){ref-type="fig"}). Therefore, inducing transcription appears to have less of an effect on (GAA)~100~ expansion rate when transcription collides with replication head-on. When we deleted *RNH1* and *RNH201* in strains with the GAA;HO construct, we observed a significant increase in repeat expansion rate on both glucose and galactose. The magnitude of this effect was less when compared to the GAA;CD cassette under conditions of high transcription (2.6-fold versus 4.5-fold; Figures [1B](#F1){ref-type="fig"} and [3D](#F3){ref-type="fig"}). While RNase H knockout has a clear effect in both orientations, these data imply that co-directional collisions with RNA--DNA hybrid structures promote (GAA)~n~ expansion to a greater extent than head-on collisions, arguing against the involvement of conventional R-loops.

![Altering the direction of transcription-replication collisions or inverting the repetitive run alone does not change the effect of RNase H deletion on repeat expansion rate. (**A**) Schematic of our GAA;HO construct where transcription and replication are oriented head-on. (TTC)~100~ serves as the lagging strand template and (GAA)~100~ remains on the transcriptional coding strand. (**B**) Repeat expansion rates in strains bearing different constructs for selection of repeat expansion events. Error bars represent 95% confidence intervals. Cells were grown non-selectively on glucose (low) or galactose (high) to modulate transcription. Numbers indicate fold increase in expansion rate due to galactose induction. (**C**) Schematic of our TTC;CD construct, in which only the repeats have been flipped such that (TTC)~100~ now serves as both the lagging strand template and the transcriptional coding strand. (**D**) Repeat expansion rates in WT and RNase H deficient strains bearing our different constructs for selecting for repeat expansion events. Error bars represent 95% confidence intervals. Cells were grown non-selectively on glucose (low) or galactose (high) to modulate transcription. '\*\*' Indicates non-overlapping 95% confidence intervals compared to corresponding WT strain and conditions '\*' Indicates non-overlapping 84% confidence intervals compared to corresponding WT strain and conditions. Numbers indicate fold change in expansion rate in *rnh1Δ, rnh201Δ* strains compared to WT.](gky099fig3){#F3}

RNase H knockout increases repeat expansion rate when repeats are inverted {#SEC3-4}
--------------------------------------------------------------------------

Since inverting our *URA3* construct with respect to replication simultaneously alters which repetitive strand ((TTC)~100~ or (GAA)~100~) serves as the lagging strand template, we set out to test whether inverting just the repetitive sequence with respect to replication and transcription influences repeat expansion rate. To accomplish this we flipped the repetitive sequence within our construct such that (TTC)~100~ served as both the lagging strand template and the transcriptional coding strand, while maintaining the co-directional orientation of replication and transcription (TTC;CD) (Figure [3C](#F3){ref-type="fig"}). We found that in the presence of glucose, repeat expansion rates are very similar for all three cassettes (GAA;CD, GAA;HO and TTC;CD). Transcription induction by galactose increases repeat expansion rate12.5-fold for the GAA;CD cassette, 3.9-fold for the GAA;HO cassette and 8.3-fold for the TTC;CD cassette (Figure [3B](#F3){ref-type="fig"}). Taken together, it appears that the nature of the repeat on the lagging strand template does not influence the expansion rate as strongly as the relative orientation of transcription and replication. Specifically, co-directional collisions lead to more expansions than head-on collisions as demonstrated by the fact that galactose induction has a greater effect on repeat expansion rate for the two CD cassettes as compared to the HO cassette (Figure [3B](#F3){ref-type="fig"}).

*In vitro*, the formation of R-loops at (GAA)~n~ repeats was shown to depend on which strand serves as the transcriptional template ([@B18],[@B19]). When (GAA)~n~ repeats serve as the coding strand, homopurine (GAA)~n~ containing transcripts form a thermodynamically favorable RNA--DNA hybrid with the (TTC)~n~ template that stalls transcription. In contrast, when transcripts contain (UUC)~n~ repeats, R-loops are not detected. We reasoned, therefore, that RNase H knockout would have no effect on repeat expansion rate in strains with the TTC;CD cassette (Figure [3C](#F3){ref-type="fig"}) if conventional R-loops were instigators of expansions. This appeared to be incorrect: *rnh1Δ, rnh201Δ* strains bearing the (TTC)~100~ cassette showed elevated rates of expansion on both glucose and galactose as compared to the WT. The magnitude of this increase was similar to the GAA;CD cassette on glucose and slightly less on galactose (Figures [1B](#F1){ref-type="fig"} and [3D](#F3){ref-type="fig"}).

(GAA)~n~ repeats can serve as intragenic antisense promoters {#SEC3-5}
------------------------------------------------------------

Long (GAA)~n~ repeats have previously been shown to act as bidirectional promoters when placed upstream of a promoterless gene in yeast ([@B23]). We were curious as to whether such activity could be observed at intragenic repeats such as those present in the intron of our *UR-GAA-A3* construct. To address this question, we performed strand-specific RT-qPCR in the presence of actinomycin D ([@B39]) to assess the antisense promoter activity of repeats in our various constructs used for measuring expansion rates. The level of antisense transcripts for repeat-bearing *URA3* cassettes relative to the antisense transcript in a no repeat control cassette was considered an appropriate measure of intragenic promoter activity. We found that repeats in both (GAA)~100~ (GAA;CD, GAA;HO) constructs worked as internal antisense promoters compared to the no repeat control when the activity of the upstream *GAL1* promoter was induced (Figure [4A](#F4){ref-type="fig"}). In contrast, basal levels of antisense transcription were not significantly different between the (GAA)~100~ and no repeat cassettes when transcription was not induced (Figure [4A](#F4){ref-type="fig"}). In agreement with our earlier studies ([@B48]), sense RNA levels produced from the (TTC)~100~ cassette (TTC;CD) were significantly lower than those for the no repeat control on both glucose and galactose (Figure [4A](#F4){ref-type="fig"}). In contrast with the GAA-cassettes, we observed an intragenic promoter activity for the TTC-cassette when the strain was grown in glucose-containing media but not in galactose-containing media (Figure [4A](#F4){ref-type="fig"}). The reasons for these differences is unclear and beyond the scope of this study. Importantly, however, deletion of RNase H had no influence on the level of antisense transcripts for any cassette (Figure [4B](#F4){ref-type="fig"}), suggesting that the increased expansion rate observed in *rnh1Δ, rnh201Δ* strains was not a result of increased promoter activity. Overall, we see no correlation between the intrinsic (GAA)~n~ promoter strength and repeat expansion rates in various repeat-containing cassettes.

![(GAA)~100~ repeats serve as antisense promoter sequences. (**A**) Strand-specific RT-qPCR results from the region upstream of the repetitive sequence (see Figure [1A](#F1){ref-type="fig"}) in our different constructs for measuring repeat expansion rates. Quantification was achieved using the standard curve method. Bars represent means from three biological replicates. Error bars indicate standard deviation from the mean. Sense refers to the RNA strand that contains the indicated repeats. The No repeat;CD control construct contains an intron with similar length to the repeat-bearing cassettes that does not contain a repetitive sequence. Target RNA levels were normalized to TAF10 sense RNA levels. '\*\*' Indicates *P* \< 0.01, two-way ANOVA with Tukey's multiple comparisons test. (**B**) Antisense strand-specific RT-qPCR results as displayed in A comparing WT and *rnh1Δ, rnh201Δ* strains.](gky099fig4){#F4}

RNA-DNA hybrid-induced (GAA)~100~ repeat expansion requires Rad52 and Pol32 {#SEC3-6}
---------------------------------------------------------------------------

In several experimental systems, R-loops have been shown to stimulate homologous recombination (HR) ([@B49]). This led us to predict that the stimulation of repeat expansions caused by RNA--DNA hybrids in our case might also depend on HR. To test this hypothesis we knocked out the key recombination protein Rad52 in the WT and *rnh1Δ, rnh201Δ* strains bearing our *UR-GAA-A3* cassette in the co-directional orientation (GAA;CD) and measured repeat expansion rates. We observed a rescue of the repeat expansion phenotype caused by RNase H deletion in strains that lacked Rad52 protein, implying that HR is indeed required for the stimulation of GAA repeat expansions by RNA--DNA hybrids (Figure [5](#F5){ref-type="fig"}). Note that while Rad52 knockout alone leads to a small increase in the repeat expansion rate, it is not significantly different from the WT strain ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

![RNA--DNA hybrid mediated repeat expansions are dependent on the function of Rad52 and Pol32 proteins. (GAA)~100~ expansion rates in strains bearing the GAA;CD construct. Error bars represent 95% confidence intervals. Cells were grown non-selectively on galactose (high-transcription conditions). '\*\*' Indicates non-overlapping 95% confidence intervals. '\*' Indicates non-overlapping 84% confidence intervals.](gky099fig5){#F5}

In order to further specify the type of recombination responsible for R-loop-induced (GAA)~n~ expansion, we knocked out Pol32, a subunit of DNA polymerase delta required for break-induced replication (BIR) ([@B50]). Similar to *rad52Δ*, we observed a rescue of the elevated repeat expansion rate phenotype in the *rnh1Δ, rnh201Δ, pol32Δ* strain (Figure [5](#F5){ref-type="fig"}).

Transcription and RNA--DNA hybrids promote (GAA)~n~ contractions by a mechanism that differs from that for expansions {#SEC3-7}
---------------------------------------------------------------------------------------------------------------------

Given our previous observations regarding the relationship between repeat expansion rate and gene expression levels ([@B21],[@B51]), we were curious whether the same is true for (GAA)~n~ repeat contractions. We, thus, modified our galactose-inducible *URA3* cassette to carry 128 (GAA)~n~ repeats in a longer artificial intron (Figure [6A](#F6){ref-type="fig"}). The longer length of the intron in this cassette made strains carrying the (GAA)~128~ repeat fully auxotrophic for uracil owing to impaired splicing. If the repeat sequence in this cassette contracts significantly, splicing is re-established, allowing for selection on media lacking uracil. We also modified our *CAN1*-based system such that we could measure the contraction rate of non-transcribed repetitive sequences. This was accomplished by replacing the *CAN1* negative selective marker with a *HIS3* positive selective marker in a cassette that contains 128 (GAA)~n~ repeats between the *UAS* and TSS of the *GAL1* promoter (Figure [6B](#F6){ref-type="fig"}). When repeats contract, it reduces the distance between the *UAS* and the TSS allowing for transcription of the *HIS3* gene and selection on media lacking histidine.

![RNase H knockout increases (GAA)~n~ contraction rate via mechanisms that differ from expansion. (**A**) Schematic of our construct for selecting for contraction events of transcribed (GAA)~128~ repeats. Our *URA3* construct from Figure [1A](#F1){ref-type="fig"} was altered such that strains start out Ura^−^ and become Ura^+^ after repeat contraction. (**B**) Schematic of our construct for selecting for contraction events on the non-transcribed (GAA)~128~ repeat. The negative selective *CAN1* gene from the cassette in Figure [2A](#F2){ref-type="fig"} was replaced by the positive selection *HIS3* marker. Strains with the (GAA)~128~ repeat are His^−^. Contraction of the repeats between the *UAS* and TSS leads to promoter activation and a His^+^ phenotype. (**C**) (GAA)~128~ contraction rates in strains bearing the construct in A. Error bars represent 95% confidence intervals. '\*\*' Indicates non-overlapping 95% confidence intervals compared to WT. '∧∧' Indicates non-overlapping 95% confidence intervals compared to WT grown on glucose. (**D**) (GAA)~128~ contraction rates in strains bearing the construct in B. Error bars represent 95% confidence intervals. '∧∧' Indicates non-overlapping 95% confidence intervals compared to WT grown on glucose.](gky099fig6){#F6}

Similar to repeat expansion, inducing transcription by galactose lead to a significant increase in contraction rate for both constructs (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). This implies that transcriptional activity influences contraction of nearby repetitive sequences regardless of whether they serve as transcriptional templates. The magnitude of the transcription-associated increase was less than that observed for expansion (Figure [3B](#F3){ref-type="fig"}), and the overall rate of (GAA)~128~ contraction was 1--2 orders of magnitude greater than (GAA)~100~ expansion. This is in line with most observations of trinucleotide repeat instability, which show contractions to be the most frequent mutation type.

We then tested the effect of RNase H deletion on (GAA)~n~ contraction rates. We found that RNase H deletion increases (GAA)~128~ contraction rates only for transcribed repeats, and only under conditions of low transcription (in glucose) (Figure [6C](#F6){ref-type="fig"}). This is one substantial difference from our expansion data, which show similar effects of RNase H knockout with both low- and high-transcription levels. Another substantial difference is that, in contrast to our expansion data, deletion of the *RAD52* gene did not rescue the effect of RNase H deficiency on contraction rate (Figure [6C](#F6){ref-type="fig"}). Ultimately these data suggest that R-loop-induced contractions do not follow the same mechanism as expansions. Specifically, recombination due to RNA--DNA hybrid formation at (GAA)~n~ repeats does not seem to contribute to their contraction.

DISCUSSION {#SEC4}
==========

The role of R-loops in trinucleotide repeat instability has been discussed in the past (reviewed in ([@B52])). Most recently, it was shown that the formation of R-loops at (CAG)~n~ repeats triggers cytosine deamination and base excision repair that ultimately leads to repeat fragility and instability in yeast ([@B9]). For (GAA)~n~ repeats, R-loop formation has been shown to occur when they are transcribed such that the (GAA)~n~ run is in the RNA strand, i.e. as it is in *FXN* gene ([@B18],[@B19]). It was also demonstrated that increasing transcription of (GAA)~n~ repeats in cultured human cells leads to progressive repeat expansion ([@B22],[@B55]). Furthermore, a direct role for GAA-transcripts in promoting expansion was demonstrated in ([@B56]). In the current study, we have proven that inactivation of RNase H stimulates large-scale (GAA)~n~ repeat instability in yeast, implying an instigative role of RNA--DNA hybrids in the process. The stimulation of (GAA)~n~ repeat expansions in the RNase H double knockout is highly significant, yet it is much smaller than what we previously observed for mutations in the DNA replication machinery ([@B30],[@B57]). This implies that challenges during DNA replication of (GAA)~n~ repeats are the primary contributors to their expansion, while recombination seems to contribute to the process under special circumstances.

Our observed stimulation of (GAA)~n~ repeat expansion by RNA--DNA hybrids appeared to depend entirely on Rad52, suggesting that some form of HR promotes repeat expansion in RNase H-deficient cells. This finding is consistent with the well-established role of R-loops in promoting recombination events ([@B4]). We also observed a rescue of expansion stimulation in *POL32* knockout strains. The combined requirement of Rad52 and Pol32 strongly implies that BIR contributes to (GAA)~n~ expansion in RNase H deletion strains.

BIR is a form of DNA double-strand break (DSB) repair that evolved to mend one-ended DSBs that arise when replication forks collapse in S-phase, or two-ended DSBs that occur in the G2 phase of the cell cycle ([@B58]). It is a highly mutagenic pathway of HR as it is prone to template switching and utilizes conservative DNA synthesis ([@B59],[@B60]). It was previously implicated in R-loop-induced recombination in yeast ([@B61]) and we have recently discovered that BIR is primarily responsible for large-scale expansions of (CAG)~n~ repeats in yeast ([@B51]). We hypothesize that stable RNA--DNA hybrid structures formed at (GAA)~n~ repeats serve as a particularly potent block to DNA replication, leading to fork collapse and formation of a one-ended DSB. Subsequent repair by BIR would then cause expansions in a manner similar to (CAG)~n~ repeats ([@B51],[@B58]). *A priori*, such mechanisms of repeat instability that involve homology search and D-loop extension should be equally likely to cause expansions or contractions because they rely on 'out-of-register' strand invasion between repetitive sequences. If strand invasion occurs toward the downstream, 3′ end of the repetitive homologous donor sequence, you might expect a contraction. If invasion occurs all the way at the upstream 5′ end of that sequence, it should cause expansion. We found, however, that stimulation of contractions in the lack of RNase H does not depend on Rad52. This implies that HR preferentially causes repeat expansions but not contractions. This finding supports previous hypotheses that multiple template switching events, which are characteristic of BIR, might specifically favor repeat expansions ([@B62]).

What could be the nature of RNA--DNA hybrids at (GAA)~n~ repeats that cause replication fork collapse? While we initially suspected canonical R-loops, our data argue against this idea. First, we found repeat expansion is stimulated in RNase H deficient cells regardless of whether our experimental cassette is transcribed co-directionally or head-on to replication (Figure [3D](#F3){ref-type="fig"}). In fact, the magnitude of this stimulation is less in the HO orientation when the cassettes are highly transcribed. These data contrast with observations that R-loops are preferably formed during head-on transcription-replication collisions ([@B45],[@B63],[@B64]). At the same time, our results are strikingly similar to the recently published data showing that both head-on and co-directional collision of replication with a composite RNA--DNA hybrid structure called a G-loop (G4-quadruplex DNA stabilized by an R-loop) were equally mutagenic ([@B65]). Second, and even more important, we found that inverting the (GAA)~n~ repeat in our cassette, which placed (UUC)~n~ runs into RNA, led to the stimulation of repeat expansions in the RNase H knockout, the magnitude of which was only slightly less than for (GAA)~n~ RNA runs (Figure [3D](#F3){ref-type="fig"}). It was convincingly demonstrated that canonical R-loops are formed *in vitro* at (GAA)~n~ repeats only when the (GAA)~n~ sequence is in the RNA strand ([@B18],[@B19]). We believe, therefore, that a complex RNA--DNA hybrid structure at (GAA)~n~ repeats, which is distinct from a canonical R-loop, could be responsible for fork collapse and subsequent expansions *in vivo*.

(GAA)~n~ repeats are known to form an intramolecular triplex structure, called H-DNA. Importantly, this repeat can adopt both H-y (Figure [7C](#F7){ref-type="fig"}) and H-r (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}) conformations in which either the pyrimidine (y) or purine (r) strand, respectively, is donated to the triplex, while its complement remains single stranded ([@B26],[@B27]). It has been previously proposed that co-transcriptional binding of an RNA molecule to the single stranded portion of H-DNA stabilized this structure, resulting in transcription stalling ([@B19],[@B66]). We propose that formation of RNA-stabilized H-DNA structures, which we call H-loops, during transcription of the (GAA)~n~ repeat would stall replication resulting in a DSB and ultimately repeat instability. In the GAA;CD and GAA;HO orientations, the GAA-containing RNA would stabilize the H-r conformation of the repeat (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}), while in TTC;CD orientation, the UUC-containing RNA would stabilize its H-y form (Figure [7C](#F7){ref-type="fig"}). Our H-loop model explains why we observe stimulation of repeat expansions only for transcribed repeats, since H-loops require complementary RNA. The fact that both H-y and H-r conformations can be formed by (GAA)~n~ repeats ([@B26],[@B27]) makes H-loop formation independent of whether the RNA transcript is homopurine or homopyrimidine. This explains our observed lack of dependence on the nature of the major RNA product on expansion rate. Furthermore, the H-loop model explains why RNase H knockout has a greater effect on repeat instability for the GAA;CD and TTC;CD cassettes than for the GAA;HO cassette (Figures [1B](#F1){ref-type="fig"} and [3D](#F3){ref-type="fig"}). In the head-on orientation, replication encounters the RNA--DNA hybrid part of the H-loop first because the single stranded portion of H-DNA preferentially occurs 5′ to the triplex under physiological conditions (so called H-y3/H-r3 form) (Figure [7A](#F7){ref-type="fig"}) ([@B67]). Disruption of the RNA--DNA hybrid, which is readily accomplished by replicative helicases ([@B68]), would destabilize the triplex and dissolve the structure. In the co-directional orientation, in contrast, the replicative helicase encounters the triplex portion of the H-loop first (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}), which is more difficult for it to unwind ([@B69]) potentially leading to greater fork stalling and collapse.

![H-loop formation could occur independent of repeat orientation. (**A**) Potential H-loop/replication collisions for the GAA;HO cassette. When (GAA)~n~ repeats are present in the RNA transcript, it can hybridize with the single-stranded portion of an H-r triplex leading to triplex stabilization. (**B**) Potential H-loop/replication collisions for the GAA;CD cassette. When (GAA)~n~ repeats are present in the RNA transcript, it can hybridize with the single-stranded portion of an H-r triplex leading to triplex stabilization. (**C**) Potential H-loop/replication collisions for the TTC;CD cassette. When (UUC)~n~ repeats are present in the RNA transcript, it can hybridize with the single-stranded portion of an H-y triplex leading to triplex stabilization. \| represents Watson--Crick base pairs and '\*' represents Hoogsteen or reverse Hoogsteen base pairs.](gky099fig7){#F7}

The formation of stable H-loops is supported by *in vitro* data showing that at high negative superhelical density, which is known to exist behind transcribing RNA polymerase ([@B70]), H-DNA is strongly stabilized in the presence of an oligonucleotide complementary to the single-stranded portion of the structure ([@B29]). This stabilization persists up to pH 7 even for the H-y conformation, which requires protonation of cytosine to form stable Hoogsteen bonds ([@B29]). It is theoretically possible that the H-loop formed during transcription can ultimately resolve into other more stable structures. Grabczyk et *al.* ([@B19]) hypothesized that an H-loop stabilized by homopurine RNA can eventually convert into a stable R-loop (see also [@B71]). This however cannot happen for homopyrimidine RNA because an R-loop containing pyrimidine RNA is energetically unfavorable ([@B17]). Alternatively, it has been shown that pyrimidine RNA forms very stable intermolecular triplexes with duplex DNA ([@B17]). Thus, an H-DNA stabilized by homopyrimidine RNA might convert into a long dYdR\*rY intermolecular triplex. A similar conversion was, in fact, shown in the presence of single-stranded homopyrimidine DNA ([@B72]). Note, however, that this scenario is impossible for homopurine RNA, which cannot form intermolecular triplexes ([@B73]). In other words, if there were conversions between H-loops and other complex structures, the conversion would differ depending on the nature of the RNA strand. We do not think that our data are in line with the conversion of an H-loop into two separate intermolecular structures. First, an increase in the rate of repeat expansions in the RNase H double knockout is very similar regardless of whether the RNA strand is homopurine or homopyrimidine when collisions are oriented co-directionally (Figures [1B](#F1){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Second, RNase H is unable to disrupt Hoogsteen interactions between RNA and DNA ([@B74]). Therefore, the elevated level of repeat expansions for the TTC;CD cassette in an RNase H knockout is hard to explain by the presence of an intermolecular dYdR\*rY triplex.

In summary, we have demonstrated that RNase H knockout triggers recombination-mediated expansions of (GAA)~n~ repeats in yeast. Altering the orientation of the repetitive sequence with respect to replication or transcription does not change the effect of RNA--DNA hybrid formation on expansion rate. These findings suggest that complex, multi-stranded RNA--DNA hybrid structures, which we call H-loops, might be instigators of HR at (GAA)~n~ repeats. Given the fact that (GAA)~n~ repeats have recently been shown to be replication barriers in human cell lines ([@B24],[@B75]) and that R-loops appear to be involved in *FXN* silencing ([@B20]), our results contribute to the overall picture of R-loop formation in the pathobiology of FRDA.
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